A 300-bp DNA sequence has been determined for 30 ( 10 from each of three species of mice) random isolates of a subset of the long interspersed repeat family L 1. From these data we conclude that members of the L 1 family are evolving in concert at the DNA sequence level in Mus domesticus, Mus caroli, and Mus platythrix. The mechanism responsible for this phenomenon may be either duplicative transposition, gene conversion, or a combination of the two. The amount of intraspecies divergence averages 4.4%, although between species base substitutions accumulate at the rate of -O.W%/Myr to a maximum divergence of 9.1% between A4. platythrix and both A4. domesticus and M. caroli. Parsimony analysis reveals that the M. platythrix Ll family has evolved into a distinct clade in the lo-12 Myr since M. platythrix last shared a common ancestor with M. domesticus and M. caroli. The parsimony tree also provides a means to derive the average half-life of Ll sequences in the genome. The rates of gain and loss of individual copies of Ll were estimated to be approximately equal, such that approximately one-half of them turn over every 3.3 Myr.
Introduction
Ll, or LINE 1, is a large family of interspersed repeats found in mammals. Individual members of this family are bounded by short direct repeats on both ends and have a conserved 3' end which is characterized by an A-rich sequence . The longest members of the repeat family are 6.5-7 kb in length; however, most copies are truncated at what appear to be random distances 5' to the A-rich region (Fanning 1983; Voliva et al. 1983 Voliva et al. , 1984 . Implicit in this structure is the fact that the 3'-most sequences of the family are represented many more times in the genome than are the S-most sequences.
Ll has been characterized in greatest detail in primates (the KpnI family) and in rodents (the BamHI or MIF family) (see Singer [1982a, 198261 for review) . There are -lo5 copies of the most abundantly represented sequences (Gebhard et al. 1982) , which are interspersed throughout the genome. The function of the Ll repeats, like that of other interspersed repetitive families, is unknown. Sequences homologous to the Ll structure are found in RNA (Fanning 1982; Kole et al. 1983; Lerman et al. 1983; Shafit-Zagardo et al. 1983; Soriano et al. 1983) , and evidence suggests that RNA polymerase II is responsible for their transcription (Shafit-Zagardo et al. 1983) . Recently, DNA sequence analysis has indicated that the Ll family may encode a polypeptide. The sequence of a long region that contains an open reading frame appears to be evolving under constraints imposed by selection for protein-coding function .
Regardless of their function, restriction mapping and DNA hybridization experiments have indicated that members of the Ll family in rodents (Brown and Dover 198 1) and in primates are evolving in concert , i.e., copies of the repeat have greater similarity to one another when they are from the same species than they do when they are from different species. This behavior can be explained in two ways: (1) either the multiple copies are similar to one another within a species because they are the result of a recent amplification and dispersal of a progenitor family member or (2) the family was dispersed a long time ago and its members are constantly exchanging genetic information with one another by mechanisms such as unequal crossover or gene conversion.
This study was initiated with a goal of documenting whether or not members of the Ll family are evolving in concert at the DNA sequence level. The DNA sequence of random isolates of a 300-bp region of Ll was determined from three species of mice. This examination of how the sequences change in evolutionary time has provided new information about the relative rates of point substitution and genetic exchanges among members of the Ll repeat family. The rate of evolution by base substitution is -0.85%/Myr. Interestingly, the average half-life of individual copies in the genome is only 2-3 Myr, indicating that genetic exchange processes make an important contribution to the evolution of this multigene family.
Material and Methods

Material
Restriction enzymes, T4 polynucleotide kinase, and T4 polynucleotide ligase were purchased from New England Biolabs or Bethesda Research Labs. Calf intestinal phosphatase was prepared as described (Maniatis et al. 1982) , and DNAse I was puwhased from Sigma. Enzymes were used in standard reaction conditions (Maniatis et al. 1982) . Radioactive nucleotides were purchased from New England Nuclear. Liver from Mus platythrix was obtained from Litton Bionetics through Dr. Michael Potter.
Methods
Description of the construction and sequence determination of clones has been published elsewhere .
The single-stranded probe used to screen the pool of clones (an Ml 3 vector with the Barn5 region from Ll Md-2; Voliva et al. [ 19841) was prepared by endlabeling phage DNA with y3*P-ATP. Five micrograms of the single-stranded DNA were treated with 2.5 ng/ml of DNAse I in 6.6 M Tris-HCl (pH 7.5), 26.6 mM MgC12, and 1 .O mM dithiothreitol for 10 min at 37 C, then extracted with phenol and precipitated with ethanol. The DNA was recovered and resuspended in 0.2 ml of 50 mM Tris-HCl (pH 8.1) and treated with 0.13 units of calf intestinal phosphatase for 1 h at 37 C. After phenol extraction and ethanol precipitation, the DNA was end-labeled with y3*P-ATP using polynucleotide kinase (Maxam and Gilbert 1980) , then separated from the unincorporated nucleotide by filtration through Sephadex G-50. Clones containing only one of the two possible orientations
Sequence analysis
Differences between each pair of sequences were computed using the program seqdifM developed by C.A.H. and M.H.E. The maximum parsimony tree (Fitch 1977) was constructed with the help of a branch-swapping program (MPN; Czelusniak et al. [ 19821) using a seed tree derived by the method of Fitch and Margoliash ( 1967) . Direct examination of phylogenetically informative positions revealed few discordancies in the branching order because of the low frequency of base substitutions. Alternative seed trees consistent with each of the discordancies were used to ensure that a global minimum tree was found. Most of the ambiguities indicated in the tree are caused by a lack of substitutions in the interval between the origin of two sequences rather than by discordancies.
Rate Calculation
Experimentally, the average height of each node on the parsimony tree ( fig. 5 ) was taken to be the age of one sampled sequence. The sampled ages were grouped into intervals corresponding to the time required to acquire four base substitutions. These intervals were determined by trial and error to be broad enough to absorb the variation in node heights that results from picking alternative trees from among the set of trees showing maximum parsimony. We analyzed the age distribution, making the assumption that the rates of gain and loss of repeats from the sampling pool are constant with respect to time. The constant rate of gain will mean that each age grouping was originally created with the same number of members as all of the others. The constant rate of loss will mean that each age grouping will have lost a constant proportion of its members as it passed through each successive time interval before arriving at its present age. These relationships will cause the age distribution to be a simple, exponentially declining, curve. The curvature will be a function of the rate of loss and is most simply characterized by a half-life.
Consideration of the limiting case in which the rate of loss is zero reveals that the intercept is the rate of gain.
The rates governing the age distribution of these repeats are a complex composite of the elementary rates for all processes affecting the gain and loss of repeats. Contributing factors include the speciation of Mus domesticus and Mus caroli, the rates of intragenomic exchange mechanisms that directly govern the repeats, and the laws of population genetics governing their fixation in the population.
Results
The Barn5 Region of Ll Is Found in Distantly Related Species of A4us
When genomic DNA from Mus domesticus is digested with the restriction endonuclease BamHI, size-fractionated by electrophoresis through agarose gels, and then stained with ethidium bromide, a band -500 bp in length (BamS) is visible over the background smear. This band corresponds to approximately 20,000 copies of a fragment contained within the larger repetitive structure of Ll ( fig. 1) fig. 2 ). The intensity of hybridization to M. platythrix DNA, however, appears to be reduced. This suggests either that fewer of the repeats have retained the two BamHI sites that define the Barn5 fragment or that the similarity between the probe and M. platythrix DNA is reduced. Probably both of these conditions contribute, because the intensity of the 500-bp fragment is also reduced on staining with ethidum bromide.
DNA Sequences Analysis of Random Isolates of Barn5
Phage recombinants containing a single orientation of the Barn5 insert were isolated (see Material and Methods for experimental details). Three hundred nucleotides of DNA sequence were determined for each of 10 randomly isolated clones from each species. The sequence of the same region from two copies of the repeat, originally isolated from known locations within the P-globin locus of the BALB/c mouse (L 1 Md-2 and Ll Md-4), was determined, in addition to these random isolates of Bam5. Figure 3 shows the nucleotide sequence of each isolate from all three species as well as a consensus sequence for each species.
The DNA sequences determined in this study are clearly homologous, differing at most by 12% in base substitutions between the two sequences pl (from M. platythrix) and c6 (from M. caroli). The majority (68%) of the base substitutions were transitions. A few of the sequences had small deletions relative to the consensus sequence: in M. domesticus, isolate d7 had two 1-bp deletions; in M. caroli, c6 had a 17-bp deletion and cl 7 had a l-and an 8-bp deletion. In . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LlMd-2 and LlMd-4 are from the j3-globin cluster of the BALB/c mouse (Voliva et al. 1983 .
Concerted Evolution in the L 1 Repeat Family 135 Phylogenetic analysis provides a more detailed picture of the relationships among these sequences. A parsimony analysis is able to resolve all of the Barn5 sequences from M. platythrix into a single clade that is distinct from the M. caroli and A4. domesticus sequences (fig. 5 ). The sequences from M. caroli and A4. domesticus, however, are not completely resolvable into distinct species-specific populations, indicating that some of the Barn5 sequences currently residing in these two species predate their divergence.
Discussion
We have demonstrated that sequences from the Barn5 region of the long interspersed repeat (Ll) in mice are evolving in concert at the nucleotide sequence level. In the absence of some homogenizing process, the distances among repeats The positions of open branches on the tree are ambiguous; these branches can be exchanged without changing the total number of substitutions in the tree. Node heights and branch lengths are given; the tree is not drawn to scale. Node heights were calculated as the average of the distances to the two lower nodes plus the height of the respective lower nodes. The total number of substitutions in the tree is 178.
within and between species would have been the same. However, the observed divergence between copies of the repeat is less within each species than it is between them. Therefore, some type of genetic communication is occurring among the individual copies of Ll within each species.
Mechanisms
Two mechanisms are consistent with the known features of the Ll family and could account for its apparent concerted evolution: (1) the closely related copies of Ll are the result of a recent dispersal of many new individuals from a common source and (2) family members were dispersed long ago but are continually involved in unequal crossovers or gene conversions that act to homogenize the population.
Recent amplification and dispersal, or duplicative transposition, of the sequences of Ll analyzed in this study could explain the high degree of similarity observed between family members among sequences from each species. An RNA and/or cDNA intermediate may be involved in the dispersal of new copies (Jagadeeswaran 198 1; Van Arsdell et al. 198 1; DiGiovanni et al. 1983; Fanning 1983; Voliva et al. 1984) . There is good evidence for relatively recent insertions of L 1 elements in mice as well as in primates . The fact that creatures as divergent as primates and rodents seem to have roughly equal numbers of copies of Ll suggests that it was also highly repetitive and dispersed in their common ancestor. If recent amplification and insertion account for their high degree of similarity, either the numbers of Ll individuals are increasing all the time or there is a mechanism that removes copies as newer ones are inserted. One might expect such a process to lead to noticeably different copy numbers among different species, unless the rates of gain and loss are very closely balanced.
Unequal crossover and gene conversion mechanisms have been invoked to explain the concerted evolution observed among members of a wide variety of multigene families, including genes encoding ribosomal RNA (Arnheim et al. [ 19801 and references therein) , histones, and globins (Slightom et al. 1980; Zimmer et al. 1980) . Unequal crossover provides an appealing explanation for the homogenization of repeat families whose members are found in tandem arrays. It does not, however, account for homogenization among truly interspersed, highly repetitive structures such as L 1. Since unequal crossover relies on expansion, contraction, and sampling to homogenize the sequences, such a mechanism cannot involve interspersed sequences without the loss of intervening unique sequences. In addition, random crossovers between copies that are scattered throughout the genome could rapidly lead to a deleterious state of chromosomal translocations and deletions. A gene conversion mechanism could skirt this difficulty, except that gene conversions and unequal crossovers may be the result of different resolutions of the same initiating event (Slightom et al. 1980 ). Thus, either there must be some way to suppress the probability of a crossover or the above argument against crossovers is still an important consideration. Another difficulty with the conversion model is that it requires Ll sequences from literally all over the genome to pair and exchange information in order to keep the entire dispersed family evolving in concert. Gene conversion among these scattered copies of the repeat might be facilitated by the use of a diffusible intermediate as the donor sequence. A candidate for such an intermediate would be the RNA transcripts of Ll that have been detected, or perhaps a cDNA copy of them.
The presence of short direct repeats flanking the copies of Ll Md in the P-globin gene cluster, as well as the recent insertion of Ll Md-4 in the BALB/c mouse , indicate that duplicative transposition does occur in this repeat family. The intermediate in this process, presumably either a cDNA or an mRNA, could also act as a diffusible intermediate in a gene conversion process.
These mechanisms and their relationship to concerted evolution are discussed in more detail in Dover (1982) and references therein. Given the present data, it is not possible to rule out either the dispersal mechanism or the conversion mechanism as processes used to maintain the similarity of the Ll family within a species. At this time it seems plausible that both mechanisms are involved. Resolution of this issue awaits analysis of truly orthologous copies of the repeat from genetically and evolutionarily well-characterized organisms.
Rates
Whatever the mechanism(s) used to maintain similarity between members of the Ll family within each species, the data obtained in this study provide information about the rate at which such genetic exchanges occur. A4us platythrix is thought to have diverged from Mus caroli and Mus domesticus -lo-12 Myr ago (Sarich, personal communication) .
In that period of time, their Barn5 sequences have become distinct from the related sequences in M. caroli and M. domesticus ( fig.  5 ). This suggests that all the A4. platythrix sequences have been replaced or inserted within the lo-12 Myr since M. platythrix last shared a common ancestor with it4. caroli and M. domesticus. Mus caroli and M. domesticus are more closely related, diverging only -5-7 Myr ago (Sarich, personal communication) . In that period of time, most, but not all, of the Barn5 sequences have been homogenized. Thus, the time required to homogenize the population is somewhat greater than 5-7 Myr but less than lo-12 Myr. There are approximately 20,000 copies of the Barn5 fraction of the Ll repeat. If they were all replaced or inserted within the last 8 Myr, the minimum rate of that process must be al.2 X 10m3 events per year. But this underestimates the true rate of genetic exchange because it assumes that all events are fixed and that each of the 20,000 copies is involved in only one event.
Using the branch lengths of individual sequences from the parsimony tree ( fig.  5 ), a frequency distribution of repeats categorized by age was assembled ( fig. 6 ). This distribution was used to derive estimates for the rates of gain and loss of the I \ 16 4 8 12 16
Number of base substitutions FIG. 6 .-Rate of turnover of Ll repeats during their concerted evolution. The frequency distribution shows the number of repeats sampled in each age interval corresponding to the time required to acquire four base substitutions. Each node in figure 5 was taken to be the birth of a new repeat, and the age of that repeat was taken to be the average node height in substitutions. The number of nodes falling in each interval is given. For comparison, a curve is shown for a population of repeats with a constant total number and in which one-half of the elements are replaced by new ones during each time interval.
repeats during their concerted evolution (see Methods subsection). The rate of loss conforms to a half-life corresponding to four base substitutions. For comparison, a curve was drawn exactly representing this half-life. The rate of gain is also such that approximately half of the repeats appear in a similar time interval. This is true because half of the observed repeats fall in the first time interval. The rate of gain is approximately equivalent to the rate of loss, in accordance with a steady-state situation in which the total copy number of repeats does not change dramatically with time. The rates were found to be such that one-half of the repeats are lost and replaced by new copies in the time it takes to acquire approximately four base substitutions. Using our divergence rate of 4.1 X 10v9 substitutions per site-year and a size of 300 sites per element, we calculate that this corresponds to a turnover of half of the repeats every 3.3 Myr. Thus, the genetic exchange processes that underlie the turnover of Ll repeats in the genome are playing a major role in the evolution of this large multigene family. Because these repeats are found in such high copy numbers and are interspersed throughout the genome, their high rate of flux may provide important avenues for affecting plasticity in the organization and expression of the genome in evolutionary time.
